Results concerning flow control on a NACA 0015 airfoil using high power synthetic jets are presented for low incidences and for Reynolds numbers ranging from 132000 to 425000. The forcing was operated through a spanwise slit positioned near the leading edge at x/c = 1.25% or at x/c = 10% on the upper surface. Static pressure distribution measurements around the airfoil, wake surveys and smoke flow visualizations were performed. Pressure distributions were significantly modified around the injection location, showing an area of intense suction which increased the lift and strongly affected the drag. Flow visualizations highlighted that the intense suction was due to a virtual shaping effect caused by the formation of a recirculation bubble capable of displacing the streamlines. Low momentum deficits in the wake velocity distributions and, in certain conditions, jet-like flow were observed for the forced cases. Finally, a scaling law relating the bubble size to the forcing intensity is proposed.
Smith et al. [9] the virtual shaping actuation is located upstream from the separation point and forms a controlled interaction domain with the cross flow near the injection orifice. As shown in the works of Honohan et al. [10, 11] , the interaction region between a high-frequency synthetic jet and the external flow over a 2-D cylinder displaces the streamlines of the external flow, inducing a "virtual" change in the shape of the surface.
Numerous experimental and numerical investigations demonstrate the effectiveness of synthetic jets for flow control over airfoils. The numerical study proposed by Rehaman and Kontis [12] , employing a synthetic jet located on the upper surface at 28% of chord length on a NACA 0015 at a Reynolds number of 360000, showed an augmentation of the lift coefficient up to 14% for an angle of attack α = 15°and a forcing frequency F + = 18.67. The results of the numerical investigation suggest that lift is increased when the synthetic jet is located far away from the separation point, on the upstream side, while drag reduction is achieved when the slot is located close to the separation point. The experimental study carried out by Gilarranz and Rediniotis. [13] , showed the effects of a high power tangential synthetic jet located at 12% of chord length on NACA 0015 airfoil. The tests were conducted at Re = 896000, for angles of attack between −2°< α < 29°and for a momentum coefficient C µ in the range from 0.003 to 0.012. At small angles of attack, from 0°to 10°, increasing the actuation frequency caused an increase of the lift curve slope up to 5%, varying linearly with the frequency. The stall in no-forcing conditions occurred at α = 12°while the use of the synthetic jet delayed it to α = 18°, increasing the maximum lift coefficient up to 80%. Moreover, there was no significant change in drag for α < 10°, while for 10°< α < 18°the drag coefficient exhibited a reduction with respect to the baseline case that was due to the suppression of the separated region over the airfoil. You and Moin [14] obtained a good agreement with the previous results through Large Eddy Simulation. Duvigneau and Visonneau [15] also compared their results using URANS code with those obtained experimentally by Gilarranz and Rediniotis [13] . The jet was inclined by γ = 35°and the forcing frequency was equal to F + = 0.25, in comparison with the γ = 10°and F + = 1.29 pertaining to the experimental investigation of Gilarranz and Rediniotis [13] . Using an automatic optimization algorithm, the results showed that the stall was postponed to α = 22°and the maximum lift coefficient was increased by about 32%.
Mittal and Rampunggoon [16] performed numerical simulations investigating the possibility of generating large recirculation bubbles in a flow on a flat plate, using synthetic jets. The authors confirmed the presence of such bubbles originating from the interaction and more importantly established the conditions required for their formation. A simple scaling law linking the size of the mean recirculation bubble to the characteristics of the external flow and of the forcing was proposed in order to give indications of the operational synthetic jet regime which creates virtual shaping.
The contribution of the present work touches several aspects. High power actuators, which allowed the investigation of the virtual shaping mechanism over a wide range of the forcing parameters, were developed. The momentum coefficients employed were, in fact, one to two orders of magnitude above most of the studies present in literature reaching the limits of the virtual shaping for which the separation of flow occurs. In addition to pressure distributions, the virtual shaping phenomenon was clearly evidenced through flow visualizations. In particular, the formation of recirculation bubbles due to virtual shaping were mainly observed in numerical experiments while only few experimental results are available in literature. The presence of a "thrusting effect" introduced by intense virtual shaping in the neighborhood of the leading edge was observed and an analogy with the flow field of "flapping airfoils" was found and discussed. Furthermore the effect of the injection location on the virtual shaping mechanisms was investigated. Finally, a simple scaling law, linking the size of the bubble to the momentum coefficient based on the momentum thickness of the boundary layer approaching the injection slit, is presented.
equal to b/c = 1. The forcing was operated through two rectangular independent slits extending along the spanwise direction and positionable at (x slit /c) 1 = 1.25% and (x slit /c) 2 = 10% from the leading edge by using exchangeable cover plates as shown in Fig. 1 . The slits were realized to achieve a normal injection with respect to the surface of the airfoil. In order to avoid a geometric modification of the airfoil and especially to facilitate the formation of the synthetic jet [17] , the slits were characterized by sharp edges. Under each slit a plenum chamber was positioned inside the wing, covering the whole span and extending up to x/c = 0.15 in the streamwise direction. This configuration was necessary to obtain a good spanwise homogeneity of the synthetic jet. A preliminary study on the uniformity of the synthetic jet showed, in fact, that a single slit configuration generates a synthetic jet which is stronger on the opposite side with respect to the actuator connection.
Connecting the actuators on both sides of the model improves the 2D characteristics of the synthetic jet but an acceptable flatness of the spanwise velocity distribution in the central part of the slit was not achieved. This goal was instead obtained dividing the global plenum chamber into two distinct symmetrical plenum chambers. The slit width h was equal to 1 mm (h/c = 0.25%) and covered a spanwise length equal to 196 mm on each part of the wing (± 49% of the span). An inclinometer for the measurement of the pitch and the roll angles was mounted inside the wing profile in the center of the model to measure the angle of attack and to ensure a zero roll angle at all times. The wing model was equipped with 124 static pressure taps distributed along two streamwise sections on the upper and lower surface at z/B = ±18.75%. Along the spanwise direction, at different distances from the leading edge, four ((x/c) up = 0.25%, 3.75%, 19.75%, 38.75%) and two ((x/c) low = 19.75%, 38.75%) rows of pressure taps were installed on the upper and lower surface respectively. Figure 1 shows the location of the pressure taps and the synthetic jet slit. The connection points between the plenum chambers and the actuators are also indicated.Two mechanical crank-rod piston systems taken from airplane model engines were used to construct a single actuator. On each side of the wing model one actuator was mounted operating in-phase and in boxer configuration. In this way vibrations were greatly reduced avoiding perturbations on the wing profile. In figure 2 the scheme of such actuators is reported.
Each engine was characterized by a displacement equal to 20cc (bore 30.4 mm; stroke 27.5 mm). On the top of each cylinder a Plexiglas cylinder-head with a steel elbow was mounted. A rubber tube provided feeding to the synthetic jet cavity through a direct connection between the steel elbow and the cavity itself. A brushless electrical motor provided motion to the mechanical crank-rod systems by means of transmission belts and gear wheels. The forcing frequency f was varied through control of the angular speed of the brushless motor.
The non-dimensional frequency defining the appropriate oscillating forcing characteristics was defined as: (1) where c and V ∞ are the chord of the wing airfoil and the undisturbed upstream velocity respectively. Physically F + represents the ratio between the flying time of a particle to cover the chord length and the period of oscillation of the synthetic jet.
A miniature total pressure probe with an external diameter equal to 0.25 mm was used to measure the synthetic jet velocity distributions in different cross sections in still air conditions in order to characterize the synthetic jet strength. The total pressure probe was moved across the slit width using a motorized translation stage with a maximum displacement equal to 150 mm, an accuracy of 0.01% of the full scale and a selectable speed in the range 0.15 -8 mm/s. In order to avoid regions of reversed flow during the characterization of the synthetic jet, measurements were performed at a distance from the exit section equal to 5 times the slit width. Along the spanwise direction, measurements were performed in three sections for the left slit and in six sections for the right slit. For each transversal position six velocity profiles were acquired and averaged to obtain the mean velocity profile. The maximum value for each mean velocity profile was taken to define the spanwise velocity distribution of the synthetic jet. The average value of the spanwise velocity distribution V j was evaluated (excluding the values near the end of the slit) and used to calculate the momentum coefficient of the synthetic jet using the following expression: (2) For the type of actuator employed C µ and F + are linked. However it was chosen for its capability to generate very high momentum coefficient synthetic jets with a compact and relatively simple configuration. The same choice was made by Gilarranz and Rediniotis [13] , for a separation control application.
Wake surveys were carried out downstream of the model at a distance from the trailing edge equal to x/c = 0.5. The probe used was a total pressure rake consisting of 31 steel tubes with an inner diameter of 1mm. The spacing of the total pressure probes was 5 mm with the exception of the first and the last three probes, spaced at intervals of 10 mm. The rake was 170 mm long.
Static and total pressures were sampled through two digital differential 16 channels multimanometers Scanivalve Corp, model DSA 3217. The full scale range was ±10in H 2 O and the accuracy was 0.2% of the full scale. Pressure data was collected via Ethernet using TCP/IP protocol. The DSA 3217 incorporates temperature compensated piezoresistive pressure sensors characterized by 16bit A/D converter resolution. Static pressure distributions around the model were sampled for 3 minutes at a rate of 20 Hz in order to provide a sufficient convergence of the mean value. Due to the higher level of unsteadiness, wake analysis was performed by sampling over 5 minutes with the same sampling rate. Smoke flow visualizations were also carried out by means of a commercial smoke generator injecting upstream of the leading edge of the model which was then highlighted using a light-sheet.
Lift coefficient was computed by integrating the static pressure distribution over the model while wake surveys allowed estimation of the drag coefficient through the momentum balance applied to a control region around the wing.
RESULTS
The first results presented concern the characterization of the isolated synthetic jet. Next, pressure distributions and wake velocity profiles for the forced cases are shown in comparison with the results
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Virtual Shaping on NACA 0015 by Means of a High Momentum Coefficient Synthetic Jet of the baseline flow. The most significant smoke flow visualizations are then shown. Incidences were investigated ranging from α = 0.5°to α = 9°, for three chord based Reynolds numbers; Re 1 = 132000, Re 2 = 265000 and Re 3 = 425000. Higher angles of attack were not tested due to the increasing effects introduced by the corner flow. Finally some considerations on the key mechanisms of the virtual shaping and their effects on the aerodynamic characteristics of the airfoil are presented together with a simple scaling law. Table 1 reports the values of the mean synthetic jet velocity V j obtained for frequencies ranging from 40 to 80 Hz and the resulting momentum coefficient C µ and non-dimensional forcing frequency F + that would have been obtained assuming the same V j for chord based Reynolds numbers equal to 132000, 265000 and 425000. For each Reynolds number, as F + increases the corresponding momentum coefficient also rises. As can be seen, with the present actuators it is possible to experience high values of the forcing parameters and especially for the momentum coefficient, if compared with most of the values of C µ present in literature.
Synthetic Jet Characterization

Pressure Distributions
The chordwise distributions of the pressure coefficient obtained in the case of natural flow and different forcing conditions for α = 3°and Re = 265000 are reported in Fig. 3 in the case of (x/c) slit = 1.25%.
The results reveal that forcing significantly modifies the pressure distribution in the neighborhood of the injection slit. This modified region enlarges as the forcing frequency increases and extends approximately from the injection slit location up to x/c = 0.35 for F + = 3.2. Very intense suction peaks are present and a value of Cp = −3.14 can be observed for the maximum forcing condition. A more extended pressure recovery region is present downstream of the suction peak with respect to the unforced flow, also highlighting a slower pressure recovery downstream of the suction regions resulting in a reduced adverse pressure gradient. On the other hand the lower surface is completely unaffected by the forcing. Furthermore as a consequence of the actuation, the center of pressure was moved toward the leading edge from x/c = 28.6% of the baseline case to x/c = 22.7% for F + = 3.2.
The data shown in Fig. 3 closely resembles the pressure distribution obtained by Tuncer and Platzer [18] on a flapping airfoil as it passes the mean position downwards. In fact they observe an intense suction peak around the leading edge which was sufficiently high to generate thrust.
The pressure drag coefficient was evaluated by integrating the distributions of Fig. 3 , and was found to be positive only in the case of natural flow. The drag coefficient decreased when forcing was increased, reaching a minimum of C dp = −0.029 for F + = 3.2. Although this coefficient does not take friction drag into account and is also susceptible to errors due to the small integration step along the y axis, nevertheless it gives an indication of the effect of forcing on pressure drag. Detailed analysis of the drag coefficient will be discussed in the next section.
Chordwise distributions of the pressure coefficient for α = 3°, at Reynolds number 425000, are shown in Fig. 4 .
Pressure distributions here are similar to those of the previous case. However forcing effectiveness decreases because, at the same dimensional forcing frequency, a higher Reynolds number also results in lower values of the non-dimensional forcing frequency. Close to the leading edge the pressure coefficient changes from C p = −1.05 in the case of natural flow to C p = −2.1 for F + = 2. Furthermore as can be observed, at a higher Reynolds number for the lowest forcing intensity only a weak suction peak occurs. Also for this Reynolds number the lower surface is unaffected by forcing. The streamwise pressure distributions achieved for α = 3°for the lowest Reynolds number are shown in Fig. 5 .
In this forcing condition the pressure distribution is greatly affected on account of the high value of the reduced forcing parameters. The pressure coefficient reaches a very high peak of about C p = −5.7 compared to the natural flow case with a minimum pressure coefficient of −1.1.
The pressure distributions for a Reynolds number of 132000 and α = 6°are shown in Fig. 6 . The highest forcing effects on the pressure distributions were found for this incidence and Reynolds number. In fact the modifications are significant on both sides of the airfoil although the upper surface is still the most affected. The suction peak increases with the non-dimensional forcing frequency, reaching the minimum value of C p = −9.2 when at x/c = 3.75% for F + = 4.8. As shown in Fig. 6 for F + = 6.4 the flow separation occurs close to the leading edge as can be seen from the nearly constant pressure distribution on the upper surface of the wing. At a low Reynolds number the momentum of the synthetic jet is intense enough to determine flow separation close to the injection point without any reattachment. As will be shown in the next section, such forcing conditions cause a notable increase of drag while maintaining almost the same level of lift. This behavior is strictly related to the breakdown of the recirculation bubble as will be documented in the flow visualization section. From this point of view, at very intense forcing, the separated flow gives rise to "virtual aerobraking" application. This effect is interesting for a practical application because it is obtained without the extension of solid surfaces from the wing.
In the following figures 7a, 7b, and 7c the pressure distributions for α = 0.5°, α = 6°and α = 9°r espectively are presented for Re = 265000 and for different forcing frequencies.
As can be observed at all three angles of attack the suction regions are present near the injection slit around the leading edge as in the previous cases. Moreover the value of the peaks increases together with F + and the pressure distributions are influenced only on the upper surface up to about x/c = 25%, as in the case of α = 3°. For α = 0.5°it appears that low values of forcing (F + = 1.6) does not substantially affect the pressure distribution. This result is in good agreement with the results reported by many authors such as Rehaman and Kontis [12] , Ciuryla et al. [19] , and Cui et al. [20] who seem to find only negligible effects of the synthetic jets on the external flow when using low values of the forcing parameters at low incidence angles. For higher incidence (α = 6°in Fig. 7b and α = 9°in Fig. 7c ) the pressure distributions show modifications also at the lowest forcing frequency. Nevertheless more intense suction regions around the injection slot are observed for α = 6°with respect to the incidence α = 9°.
To evaluate the effect of a change in injection location, the slit was placed further downstream, at x/c = 10%. Figure 8 reports the results obtained for α = 3°and Re = 265000 for baseline flow and forced flow for F + = 3.2. The result obtained in the same conditions for the slit placed at x/c = 1.25% is also reported for comparison. The pressure distributions in the forced case is much less affected when the slit is located at (x/c) slit = 10% although a very weak suction peak still forms in proximity to the slit. Results at different incidences, not reported here, showed that, for this position of the slit, an increase of the angle of attack leads to a reduction of the suction region. For α > 6°the pressure distributions do not show significant differences with respect to the baseline case.
From the previous results it appears that the best interaction giving rise to intense suction regions takes place when the injection slit is placed in the region of maximum velocity, very close to the leading edge. Several authors have confirmed a greater efficacy of forcing when the injection was positioned closer to the leading edge. In particular Akçayöz et Tuncer [21] conducted a numerical study on a NACA 0015 showing that higher lift-to-drag ratios are obtained for the injection point moving towards the leading edge and for the highest available value of the momentum coefficient.
The presence of intense suction around the region of interaction suggests that the streamlines are deflected from their natural evolution causing higher local velocity of the external flow due to the presence of a bubble of recirculation flow, as documented also by Gordon and Soria [22] , by Mittal and Rampunggoon [16] and as will be shown by flow visualizations. The flow behavior around the injection area is very similar to that generated by a local surface modification. A simple comparison between the experimental results and the Xfoil numerical code was done with the aim of showing the analogy between a virtual and a real local modification of the geometry. The shape of the airfoil was modified adding a bump downstream of the position of the synthetic jets slit. The transition was forced at x/c = 1.25%, where the injection point is located.
Results for α = 3°are shown in Fig. 9 which also reports the geometric shape used during the numerical simulation. The solid shape was evaluated by trial and error to reproduce at best the experimental results. From the figure it can be deduced that a synthetic jet based forcing in the vicinity of the leading edge modifies the flow field as effectively as a solid bump does. Both modifications, virtual and real, generate a similar suction peak and also comparable pressure recoveries towards the baseline values after the peak. Compared to a solid modification, the virtual shaping is able to give rise to different pressure distributions around the airfoil giving the possibility to tune appropriately the forcing frequency to the flow conditions in order to generate on demand the most suitable performance of the airfoil.
One reasonable indication of the presence of the virtual aero-shaping, on the base of the pressure distributions, can be obtained by linking the modulus of the minimum value of the pressure coefficient to the non-dimensional forcing frequency F + as seen in Fig. 10 ; curves are shown for incidences 0.5°, 3°, 6°and 9°for the three Reynolds numbers.
As can be observed in Fig.10 the curves exhibit regions of overlapping results for Re = 425000 and for Re = 265000 and also common points at the extreme ends of the portions pertaining to Re = 265000 and Re = 132000, suggesting a not so strong dependence of the formation of the suction region on the Reynolds number. All curves show similar behavior, evidencing increasing values of the suction peak as the frequency increases for all the incidences tested. The effects of the incidence is to shift the curves towards higher values of suction. The significant drop in the value of the suction peak seen for α = 6°, Re = 132000 and for a non-dimensional forcing frequency equal to F + = 6.4 is due to the strong interaction that causes the bubble breakdown, which in turn determines a large flow separation as indicated by the pressure distribution of Fig. 6 .
In general, the virtual shaping is also able to directly influence the drag by introducing high suction near the leading edge. This, in fact, provides a reduction of the pressure drag due to the alleviating component given by the local force acting on the leading upper surface region in the upstream direction.
Wake Survey
Results related to the wake surveys are shown for the same cases examined in the previous section. The surveys were conducted for each forcing frequency by positioning the rake in five spanwise sections in the central portion of the wing, in order to measure total pressure distributions, which were then averaged.
In figure 11 the non-dimensional velocity profiles V w /V ∞ are shown for α = 3°and Re = 265000 in different forcing conditions. The value y/t = 0% corresponds to the trailing edge of the airfoil.
Lower momentum deficit characterizes all the forced cases with respect to the natural flow. The lowest drag coefficient Cd = 0.00982 was obtained for a non-dimensional forcing frequency equal to F + = 3.2, evidencing a drag reduction of about 6.5%.
A region, characterized by non-dimentional velocities greater than 1 for F + = 2.4 and F + = 3.2, which contributes to reduce drag is also evident, especially above the wake. The extension and the values of such velocity overshoot regions appear to increase with the forcing frequency.
Similar wake velocities overshoots are found in many numerical and experimental studies conducted on heaving and/or pitching airfoils. Koochesfahani [23] experimentally investigated the vortical patterns in the wake of a NACA 0012 oscillating airfoil at Reynolds number equal to 1.2·10 4 . According to the amplitude and the frequency of oscillation, jet-like flow in the wake, which led to drag reduction or thrust generation, was observed. Tuncer and Platzer [18] numerically showed thrust generation by means of a flapping NACA 0012 airfoil at Re = 3·10 6 . Young and Lai [24] numerically studied the plunging effect on the wake of a NACA 0012 airfoil using a compressible 2D Navier Stokes solver at Re = 2·10 4 . In the previous papers the authors observed a wake structure characterized by a particular configuration of vortices that generated jet-like flow in the wake for specific oscillation frequencies. Namely, zero drag or thrust was originated on the airfoil for oscillation frequencies above a threshold level. In the present experiment the velocity overshoot is probably due to the periodic excitation of the synthetic jet which makes the recirculation bubble oscillate around its mean position and size, as revealed by the smoke flow visualizations. In fact, the instantaneous virtual variation of the airfoil shape on the upper surface near the leading edge generates effects on the wake structure similar to those of oscillating or plunging airfoils [17, 25] . A possible conjecture to explain the drag alleviation our case could be formulated as follows. Spanwise vortices are originated from the direct interaction of the unsteady bubble with the external flow and they are then shed downstream giving rise to the jet-like flow responsible for the velocity overshoot. The unsteadiness of the bubble was evidenced by smoke flow visualization as will be shown later in the paper.
The presence of velocity overshoots in the wake was also observed in the case of synthetic jet flow control over bluff bodies. Amitay et al. [26] observed substantial changes in the structure of a cylinder wake when forcing was activated, evidencing a large portion of wake characterized by higher velocities compared to the undisturbed flow. Moreover Amitay [26] also shows a smaller velocity deficit as well as a reduction of the turbulent stresses across the entire wake.
In figure 12 non-dimensional wake velocity profiles are shown for α = 3°and Re = 425000. In analogy with the behavior of the pressure distributions, the benefits of forcing decrease for higher Reynolds number, at least for the frequencies tested. The lower momentum deficit in the wake center for medium and high forcing conditions is evident while for low forcing nearly unchanged velocity distributions were observed. Moreover, regions of drag contribution, centered around y/t = 35%, appear for the three forcing frequencies. These wake regions differ the most with respect to the previous results for Reynolds number equal to 265000. For the same incidence α = 3°and higher Reynolds number, the velocity overshoot regions were not found probably due to insufficient forcing strength. The limitations of the actuators unfortunately did not allow for further investigation in this direction.
The wake survey results at the lowest Reynolds number, for incidence equal to 3°and for F + = 4.8 are shown in Fig. 13 .
In this case the overshoot was clearly and more significantly evidenced, together with a considerable reduction of the momentum deficit in the center of the wake. Due to both contributions, the overall drag reduction achieved in this case was equal to 58%. As can be seen in Fig. 11, Fig. 12 , and Fig. 13 the presence or not of jet-like flow in the wake greatly depends on the flow conditions (incidence and Reynolds number) and on the forcing strength. The beneficial effects given by the lower momentum deficit and by the presence of the jet-like flow is related to the availability of sufficient forcing intensity for a given incidence and Reynolds number. For the same Reynolds number (Re = 132000) the effects of the three forcing frequencies in the case of higher incidence, equal to α = 6°, were tested. Figure 14 shows very different velocity distributions in the wake due to different interactions between the external flow and the synthetic jets and directly to the value of the forcing frequency. In the case of lower forcing intensity, namely F + = 3.2, the momentum deficit decreases in the central part of the wake, giving drag reduction. The increase of the forcing frequency (F + = 4.8) generates a lower momentum deficit in the middle of the wake up to y/t = 25%, while for y/t > 25% the distribution inverts the trend, giving rise to a drag contribution portion in the wake where the jet-like flow was previously observed. Two different wake characteristics appear, probably originated from two different flows which separate from the upper surface of the airfoil. The interaction between the synthetic jet and the external flow in this last forcing condition is much more complex. It can be conjectured that the interaction probably gives rise to shedding vortices which evolve externally with respect to the attached flow. The attached flow could be responsible for the lower momentum deficit in the middle of the wake while the vortex shedding could be associated with the drag contribution region observed for y/t > 25%.
In the case of the highest forcing (F + = 6.4) the upper portion of the wake velocity distribution is typical of a large separated flow. In such a forcing condition the synthetic jet breaks up the recirculation bubble causing flow separation on the whole upper surface from the injection slit location.
Finally, as can be observed by comparing the results in Fig.14 with those of the previous figure, giving a higher incidence for the same Reynolds number results in a completely different wake velocity distribution. It is likely that a lower value of the forcing frequency should be used in this case in order to obtain jet-like flow.
The observation of the wake structure suggests that different mechanisms responsible for drag reduction can be simultaneously present. Lower momentum deficits in the wake could be associated with the much fuller turbulent boundary layer velocity profile that is caused by the presence of the unsteady bubble. In fact, the bubble oscillations could promote intense mixing at the interface between the external flow and the outer part of the boundary layer, entraining higher level of energy towards the wall flow. As a consequence the boundary layer is fuller and more resistant to separation, which is delayed. In addition to this mechanism, if suitable conditions are present, the occurrence of jet-like flow in the wake can also be present, as previously described.
Drag Polars
In this section results related to the drag and lift variations under the effect of forcing are presented for the most widely investigated Reynolds number, namely Re = 265000. The drag polars for the natural flow and the forced cases are reported in Fig. 15 . It is evident that for low values of forcing frequency there are positive effects only above a certain value of the incidence. For forcing frequencies as low as F + = 1.6 the drag results increased for all the incidences tested, while higher lift coefficients are obtained only for angles of attack higher than α = 6°. On the other hand, for the maximum value of forcing frequency, the drag polar shows a lift enhancement and a drag reduction in the whole range of angles of attack, although for α = −3°this effect is less marked.
The best results in terms of higher lift to drag ratio are obtained for positive incidences below α = 6°. The higher lift enhancement, equal to 46.2%, was achieved for F + = 3.2 at α = 0.5°even though in this case the variation is very high also for the low value of the lift coefficient at α = 0.5°in natural flow conditions. Lift augmentation is also visible for angles of attack higher than α = 6°. The maximum drag reduction, equal to 25.7%, was instead achieved for F + = 3.2 at α = 3°.
The general behavior is the shifting of the drag polars toward regions of lower drag and higher lift as the forcing amplitude is increased.
Smoke Flow Visualizations
The following pictures show the visualization of the instantaneous flow fields for most of the cases examined in the previous sections. Figure 16 reports four examples of smoke flow visualizations for the incidence α = 3°and Re = 265000 in the case of natural and forced flow. The injection location of the synthetic jet in the light sheet plane is evidenced by the red dot.
It was observed that the flow is fully attached both for the natural and the forced cases although in the controlled cases the complete flow field is not shown in order to give a more detailed picture of the injection area, where the interaction takes place.
For all the forced cases the flow begins to deviate when approaching the slit location near the leading edge and determines a modification of the smoke filament evolution showing displacement far from the wall. Subsequently, the flow reattaches generating a recirculation bubble that virtually modifies the local geometry.
A small bubble is still evident in the case of F + = 1.6 (Fig. 16b) while larger bubbles can be observed for F + = 2.4 ( Fig. 16c) and for F + = 3.2 (Fig. 16d) . In particular for the highest frequency (Fig. 16d ) the re-circulating region highlights significant variations also in the wall normal direction. The modifications of the flow field evidenced by the flow visualizations are consistent with the pressure distributions of Fig. 3 . In fact, the recirculation bubbles increase their size according to the forcing strength similarly to the extension of the suction regions of Fig. 3 .
The four cases reported in Fig. 16 are associated to the wake velocity distributions of Fig. 11 . All forcing conditions caused reduction of the momentum deficit in the wake. The bubbles produced by non-dimensional frequencies equal to F + = 2.4 and F + = 3.2 ( Fig. 19c and Fig. 19d) are those related to the interaction responsible for the jet-like flow in the wake.
As shown in Fig. 17 , for RE = 425000 the forcing becomes less effective due to the lesser strength of the synthetic jet compared to the momentum of the external flow. As can be observed, the recirculating flow regions are evident in all forced cases but their sizes are much smaller compared to those pertaining to the previous Renolds number. Also in this case the sizes of the bubbles increase with the forcing frequencies. Smaller bubbles are related to less intense suction regions and also to lower momentum deficits in the wake as evidenced from the pressure distributions of figure 4 and from the wake velocity distribution of figure 12.
The strongest interaction between the synthetic jet and the external flow is shown in the flow visualizations reported in Fig. 18 which was obtained for the lowest Reynolds number and for an incidence equal to 3°, varying the forcing frequency. Figure 18a and figure 18c correspond to the pressure distributions of Fig. 5 and to the wake velocity distributions of Fig. 13 . When F + is equal to 3.2 ( Fig. 18b) and to 4.8 (Fig. 18c ) the flow is fully attached and a large bubble is present. In particular, for F + = 4.8, the recirculation bubble reaches a very large size covering a significant portion of the airfoil surface. As can be observed in Fig. 5 , this generates a very intense suction region around the injection slit. Furthermore, as shown in Fig. 13 , the bubble has a double effect on the wake, namely a lower momentum deficit and a high level of jet-like flow in the upper part of the wake. Fig. 18d shows that for F + = 6.4, there is a complete separation of the flow from the slit location. In these conditions, the external flow does not possess enough energy to withstand the forcing action and the bubble breaks up originating a massive flow separation covering the whole surface of the airfoil.
To give a qualitative indication of the magnitude of the bubble unsteadiness, three different photograms, taken for α = 3°and Re = 265000 at F + = 3.2, are reported in figure 19 . The bubble is unsteady, it oscillates and constantly undergoes small variations in shape and size. The observed unsteadiness of the bubble in the present experiment was also highlighted in the results of Honohan et al. [11] . The authors observed the formation of quasi steady recirculation regions for Stokes numbers greater than 10. Using the same definition given by the authors, namely where ω is the angular frequency and ν is the kinematic viscosity, for the present experiment the Stokes number ranges from 4.16 to 5.89.
Flow visualizations confirm that the virtual shaping can be created by the interaction between synthetic jets and the flow around the leading edge which gives rise to a re-circulating flow capable of displacing the streamlines, modifying the pressure distribution around the leading edge and considerably changing the wake structure. The average size and shape of the bubble depend on the forcing frequency, on the incidence and on the Reynolds number. Studies conducted by Glezer and Amitay [2] , Mittal and Rampunggoon [16] , Cui et al. [20] among others, also demonstrated that the formation of recirculation bubbles gives rise to the virtual shaping which takes place when the nondimensional forcing frequency F + is at least in the order of 1.
Scaling Law
An attempt for the evaluation of a simple scaling law was carried out focusing on the ability of the synthetic jet to create re-circulating bubbles. For this purpose we considered the virtual shaping Figure 19 . Bubble size unsteadiness. α = 3°, Re = 265000, (x/c) slit = 1.25%, F + = 3.2. responsible for the suction region around the leading edge and for this analysis we used only those results related to the presence of suction regions associated with reduced momentum deficit in the wake. The scaling law links the mean bubble size to the forcing parameters and the flow conditions (Reynolds number and incidence). Mittal and Rampunggoon [16] , in the case of a flat plate with a laminar boundary layer forced with a synthetic jet, observed that the bubble length increased with the jet momentum flux and decreased on increasing the streamwise momentum flux of the boundary layer. The authors proposed a scaling law linking the non-dimensional streamwise bubble size to the ratio between the jet momentum flux and the streamwise momentum flux of the boundary layer at the injection, evidencing a linear growth of the normalized bubble length with the momentum coefficient.
In the following we explore this scaling law for our results defining the same parameters introduced by the Mittal and Rampunggoon [16] . The streamwise length of the bubble L is made dimensionless using the slit width h. The momentum coefficient was defined as suggested by the authors:
In our case only a rough estimation can be made for the bubble length and the momentum thickness of the boundary layer θ. The length L of the bubble is estimated by evaluating the streamwise extensions of the suction regions near the leading edge in the pressure distribution results. Considering the distance of the pressure taps around the slit, the maximum error in the estimation of the bubble length was 10% for the smallest bubble size.
In order to estimate the momentum thickness it is assumed that from the stagnation point up to the slit injection, positioned at x/c = 0.0125, the boundary layer was laminar due to the great external flow acceleration. Moreover we also assume that the boundary layer momentum thickness at the slit injection, maintains roughly the same value pertaining to the stagnation point due to the closeness between the two points. Given that, for a laminar boundary layer the momentum thickness in the stagnation point is evaluated considering the Thwaites integral method which leads to the simple relation: (4) where a is the gradient of the external velocity at the stagnation point. This last quantity was estimated from the pressure distributions.
The momentum thickness of the boundary layer varies along the airfoil surface in accordance with the incidence and with the Reynolds number. In this analysis the effects of both flow parameters are taken into account in the evaluation of the momentum thickness.
In Fig. 20 the present data are reported in a base ten logarithmic diagram as proposed by Mittal and Rampunggoon [16] . The best fitting line is also showed on the same plot.
As can be observed even though a degree of spreading of the results is evident, a clear trend of linear behavior is highlighted as in the results of Mittal and Rampunggoon [16] . In their case the slope was equal to 1.03 while the present analysis shows a lower slope of about 0.5. The different value of the slope can be attributed to the different body tested and also to the effects of the incidences and the different Reynolds numbers.
It appears that the boundary layer momentum thickness is the most appropriate choice for the definition of the momentum coefficient that leads to the virtual shaping because the physical process governing the formation of the bubble depends on the momentum exchange that takes place during the interaction between the synthetic jet and the incoming boundary layer.
In figure 21 , analogously to the previous results, the bubble length L/h is displayed as a function of the non-dimensional forcing frequency F + in a logarithmic diagram.
For this data the best fitting is reported on the same figure. Also in this case a linear trend showing a higher value of slope compared to the previous diagram can be seen. The results of Fig. 20 and Fig. 21 define the criteria under which, for the present airfoil, the bubble formation takes place from the In the following two figures, 22 and 23, the data points reported for the scaling laws have been used to display the effects of the presence of virtual shaping on the drag and lift coefficient variations with respect to the unforced conditions, as a function of the momentum coefficient.
As can be observed even though a spreading of the data is present, especially for the lift variations, a linear trend is evident for both coefficients. Moreover, the presence of virtual shaping does not always improve the aerodynamic performances of the airfoil. In fact, as can be seen for the present experiment, drag reduction and lift enhancement can be achieved only if the values of C µθ are greater than a certain threshold. In effect, negative values of Log(C d /C dnf ) are evidenced for Log(C µθ ) > 2.35 while for the lift enhancement the threshold value is around 2.2, not very different from the previous value.
A wider range of investigations involving other classes of airfoils, different actuators and in particular higher Reynolds numbers would be necessary to verify similar scaling laws associated with drag and lift variations. Such results would be a very useful guideline to the design of the actuator and to the employment of synthetic jets. This flow control technique appears very powerful due to the possibility of actuation on demand with the most appropriate forcing strength in accordance with the flow conditions. 
CONCLUSIONS
An experimental study was carried out to investigate the effects produced by high power synthetic jet forcing on the flow field over a NACA 0015 wing profile. Pressure measurements, wake surveys and flow visualizations were performed for different forcing frequencies and flow conditions. Flow visualizations showed the formation of a recirculation bubble created by the interaction between the synthetic jet and the external flow. Such structure was capable of displacing the streamlines, generating the virtual shaping phenomenon. The bubble size was much greater when the injection slit was located in the neighborhood of the leading edge, at x/c = 1.25%, while it was dramatically reduced when the injection location was moved downstream. Eventually, when strong forcing was applied, the break-up of the recirculation bubble occurred, causing flow separation with a dramatic increase in drag and only marginal effect on lift. Furthermore, flow visualizations evidenced the unsteadiness of the recirculation bubble.
Pressure distributions around the airfoil were consistent with the presence of a recirculation bubble near the injection location. In fact, high suction regions were observed and attributed to local deflection of the streamlines around the leading edge downstream of the injection slit. It was found that, for (x/c) slit = 1.25%, the minimum value of forcing for which bubble formation was evidenced decreases with the incidence, while the opposite behavior seems to characterize the case for (x/c) slit = 10%.
The wake analysis showed some interesting features, including a lower momentum deficit when forcing was active. This could be a result of a delayed separation on the upper surface promoted by a fuller boundary layer profile caused by the interaction of the external flow with the synthetic jet. Furthermore, under certain flow and forcing conditions, an overshoot of velocity, causing drag reduction, was observed. In fact jet-like flow, similar to those typical of oscillating airfoils, was found in the wake. It can be conjectured that this behavior is due to spanwise vortices, generated by the instantaneous variations in the shape of the bubble, which are shed in the wake.
The virtual shaping effect was characterized by introducing a simple scaling law, relating the nondimensional bubble size L/h to the momentum coefficient C µθ based on the boundary layer momentum thickness θ at the injection point. A linear trend with a slope of about 0.5 was observed in the log-log plane. The lift and drag variations associated with the presence of virtual shaping also showed linear trends with C µθ , highlighting threshold values of the momentum coefficient over which drag reduction and lift enhancement can be achieved. This scaling law should be further investigated for a wider range of forcing conditions and higher Reynolds numbers including other classes of airfoils and different actuators in order to generalize the possible effects of virtual shaping on airfoils. 
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